ABSTRACT: The progression of damage in gradient stress fields under cyclic loading was studied in simply-supported graphite/epoxy beam-columns. Three layups, [ 
INTRODUCTION m HE
DAMAGE GROWTH and fatigue behavior of composite materials has been extensively studied [1] [2] [3] [4] [5] [6] [7] . Most Fatigue life of composites has frequently been characterized by S-N curves [8] . It is apparent [9] , however, that simple characterizations such as S-N curves cannot adequately describe the response of composites to cyclic load due to the complex and diverse damage types that occur. Therefore, it is necessary to study the damage mechanisms and interactive damage accumulation that occur under cyclic loading [10, 11] . Results from such work clearly show that multiple failure modes can exist for laminates under cyclic loading. Some of these modes are different from those exhibited under static loading [12, 13] .
The objective of this work, therefore, is to investigate the damage accumulation in graphite/epoxy laminates due to cyclic gradient stress fields. This damage development is to be compared to that which occurs under static loading, as well as that which occurs for various cyclic stress levels, in order to begin to develop an understanding of the effect that the cyclic gradient stress field may have.
APPROACH
Work has previously been conducted [14] on the progression of damage in simply-supported beam-column specimens under quasi-static loading. The specimen configuration and test jig used in the previous work, shown in Figure 1 , was adopted for this investigation. The specimen has a length of 200 mm and a width of 37.5 mm.
This specimen meets three important requirements: (1) [17] . The specimens are loaded in displacement control and the detection of a drop in compressive load is interpreted as the possible occurrence of damage. Edge replicas of the specimen were taken at each load drop while the specimen was still under load. Previous work [14] indicated that the development of damage across the width of the specimen was relatively uniform thus negating the need to perform additional examination in this work. The specimens were Figure 2 . The key shown in Figure 3 is used for all cases. The damage was generally symmetric about the longitudinal centerline, so only the left half of transcriptions are subsequently shown. The side of the specimen exhibiting the greatest tensile stresses due to bending is referred to as the tension side and is placed at the top of each replica, while the other side is referred to as the compression side.
RESULTS
For each laminate and set of loading metrics, typical damage progressions are presented. Final failures are also shown. In all cases, the tension side of the laminate is at the right of the photograph. Important loads are summarized in Table  2 Figure 7 with matrix cracks initiating in the outermost tension-side 90° ply. This is followed by short, discontinuous delaminations which link matrix cracks. These delaminations grow to form one continuous delamination. Despite the fact that all the observable damage is on the tension side, failure occurs with sublaminate buckling on the compression side of the specimen as can be seen in Figure 11 . In the previous work [14] , failure in this specimen under static load was restricted to the tension side of the laminate. This indicates that these specimens represent a borderline situation where a slight change in specimen thickness or material properties can trigger a specific damage mode and influence the failure.
Damage progression under cyclic loading is shown in Figures 8, 9 and 10. A similar pattern occurred on the tension side of the specimen, but once again, damage occurred in the form of delamination on the compression side of the specimen at the outermost 0°/90° interface. These delaminations were, again, not necessarily associated with matrix cracks. This compression side damage did generally progress more rapidly than the tension-side damage in the latter portions of the tests with gross delaminations visible to the naked eye just before failure. This was true for both the specimens initially damaged to the first and third damage state. The only discernible difference between these cases was a reduction in the life range of the specimens from 46,000-63,000 cycles to 30,000-52,000 cycles. This is likely also attributable to the higher load level of Figure 11 Figure 11 .
However, three specimens were damaged just beyond the third damage state in that the delamination at the tension-side 0°/90° interface was virtually continuous. These specimens were also cycled at a slightly higher maximum load of 7.9 kN. This resulted in a reduced lifetime range of 4,000-14,000 cycles and a very different failure mode, shown in Figure 11 , where final failure occurred only on the tension side of the specimen. Apparently, the tension side damage extended further in these specimens and became more critical than the compression-side damage. This slight increase in loading therefore changed the final failure and significantly reduced the lifetime of the specimen.
[(4521 -452/0)2/90sh Laminate
The static damage progression for this laminate, shown in Figure 12 , indicates matrix cracking initiated in the outermost tension-side 90° effective ply. Short, discontinuous delaminations formed at the 0°/90° interface linking these cracks and eventually grew and became continuous. Some discontinuous delaminations also occurred later in the loading at the 90°/+45° interface linking matrix cracks. Final failure occurred with the rapid occurrence of delaminations along the midthickness 90° ply and the tension-side 0°/90° interfaces with the compression side remaining intact as seen in Figure 17 .
The damage which occurred in the static loading case also occurred in all cyclic loading cases as seen in Figures 13 through 16 load of 8.7 kN. These two groups of specimens had lifetimes of 600,000 cycles and 12,000-29,000 cycles, respectively.
The two other groups of specimens were cycled at higher maximum loads: those initially damaged just beyond the first damage state at 10.1 kN and those initially damaged to the third damage state at 9.1 kN. These specimens had lifetime ranges of 8,500-53,000 cycles and 5,000-29,000 cycles, respectively. Not only did these specimens have shorter lifetimes, but the damage progression shows that the damage on the compression side occurs much later in the life and to a lesser extent resulting in their failures being restricted to the tension side, as can be seen in Figure 17 . This is in contrast to their counterparts cycled at lower loads where failure occurred throughout the specimen.
General Characteristics of Damage Accumulation
Static loading generally caused damage to initiate only on the tension side of the specimen at the longitudinal center of the specimen in the outermost effective plies of greatest thickness. This initial damage was in the form of in-plane matrix cracks. Delaminations formed at these matrix cracks and linked up to form a continuous delamination prior to failure. The formation of delaminations at the interfaces associated with the cracked plies was related to the stress concentrations at the intersection of the matrix cracks and the ply interface. Final failure was generally limited to the tension side of the specimen except in the [=i= 45/0/904s pecimens as discussed.
In addition to the damage noted in the static case, damage during cyclic loading also occurred on the compression side of the specimens. This delamination initiation and growth was independent of matrix cracking and did not terminate at crack locations. This indicates a different mechanism governing damage initiation and growth due to the cyclic gradient stress field as compared to that due to the static loading. Cyclic loading caused the fatigue/fracture of the interply matrix layer resulting in initiation of delamination without the presence of matrix cracks. As [19] . However, the cyclic load levels utilized in this work were a large fraction (up to approximately 90 % ) of the ultimate load-carrying capability of the specimens. Further work should be done to study these phenomena at load levels more characteristic of cyclic loads found in actual structures.
